Toll-like receptors (TLRs) are pattern recognition receptors that recognize a variety of pathogen-associated molecular patterns and are essential for activating innate immunity and potentiating adaptive immunity against pathogens (for a review, see references 2, 15, and 23). To date, 11 TLRs have been identified in humans (2) . For example, TLR2 recognizes bacterial lipoproteins and peptidoglycans, TLR3 recognizes virusderived double-stranded RNA (dsRNA) and a synthetic dsRNA analogue poly(I:C) (polyriboinosinic-polyribocytidylic acid), TLR4 recognizes lipopolysaccharides, and TLR9 recognizes the unmethylated CpG DNA motifs. Upon the engagement of cognate ligands, TLRs are activated and recruit Toll/ IL-1 receptor-containing adaptor molecules such as myeloid differentiating factor 88 (MyD88) and Toll/interleukin-1 receptor domain-containing adaptor-inducing beta interferon (TRIF). Among the TLRs, the TLR3 pathway is unique in that its signaling cascade begins by recruiting TRIF (2, 15, 33) . TRIF can signal through interferon regulatory factor 3 (IRF-3) phosphorylation, leading to downstream beta interferon (IFN-␤) expression. TRIF also can orchestrate with TRAF6 and RIP1, leading to NF-B activation and subsequent expression of cytokines and chemokines such as interleukin-1 (IL-1), IL-6, IL-8, IL-12, MCP-1 (CCL2), RANTES (CCL5), and MIP-2 (CXCL2).
The baculovirus (BV) Autographa californica multiple nucleopolyhedrovirus is a DNA virus that infects insects as its natural hosts and that has been developed as a biological insecticide. However, BV also efficiently transduces a broad range of mammalian cells in which BV neither replicates nor is toxic. Also, recombinant virus construction, propagation, and handling can be performed readily in biosafety level 1 facilities. These attributes have inspired the development of BV vectors for in vitro and in vivo gene delivery (6, 28) , cartilage tissue engineering (3), development of cell-based assays, delivery of vaccine immunogens, production of viral vectors, and cancer therapy (for a review, see references 14 and 17) . Furthermore, BV transduces human mesenchymal stem cells (hMSCs) derived from bone marrow at efficiencies greater than 80% (12) and accelerates osteogenesis of hMSCs in vitro and in vivo when expressing an osteogenic growth factor (4) . hMSCs are capable of differentiating into multiple cell types (e.g., chondrocytes, osteoblasts, and endothelial cells) and possess immunosuppressive and immunomodulatory properties (32) . Therefore, hMSC-based cell therapy has captured growing attention in regenerative medicine and has advanced to various phases of clinical trials for the treatment of damaged myocardium, knee injuries, graft-versus-host disease, and Crohn's disease (22) . hMSCs also serve as a gene delivery carrier for the treatment of cancer, osteogenesis imperfecta (13) , and various neurological disorders (27) . As such, the efficient BV transduction of hMSCs offers a new, attractive option for hMSC engineering.
Despite the potential of hMSCs for cell and gene therapy, whether the genetic modification provokes undesired cellular responses has yet to be explored. The lack of safety evaluation will hamper future clinical applications of genetically modified hMSCs. Therefore, the overriding objective of this study was to assess how hMSCs respond to BV transduction.
MATERIALS AND METHODS

BV and hMSCs.
A recombinant BV harboring no mammalian transgene cassette was used for transduction. The virus was amplified and harvested, and titers were determined by an end point dilution assay based on virus infectivity in insect cells (25) . Bone marrow-derived hMSCs were obtained from Cambrex Co., selected, enriched, cultured in alpha minimal essential medium (␣-MEM) containing 10% fetal bovine serum (HyClone) as described previously (11) , and expanded to passage 11 for all experiments.
The virus transduction was performed on six-well plates as described previously (21) with minor modifications. Depending on the multiplicity of infection (MOI), a certain volume of virus supernatant was mixed with NaHCO 3 -deficient ␣-MEM to adjust the final volume to 500 l (per well). The transduction was initiated by adding the virus mixture to the cells and was continued by gently shaking the plates on a rocking plate for 4 h at 25 to 27°C. For mock transduction, the cells were incubated under the same conditions with a solution consisting of 400 l of NaHCO 3 -deficient ␣-MEM and 100 l of fresh TNM-FH medium. After being washed, the cells were replenished with 2 ml of ␣-MEM containing 10% fetal bovine serum for culture.
For UV inactivation, the virus was exposed to short-wavelength UV radiation at a distance of 5 cm for 30 min on ice (1.6 ϫ 10 4 mJ/cm 2 ) as described previously (1). For RNase treatment, the virus (per 100 l) was incubated with 2 l of RNase A (Ͼ70 Kunitz units/mg of protein; Sigma) (35) or 2 l of TNM-FH medium for 1 h at 37°C as described previously.
Microarray and PCR array. Total RNA was extracted with an RNeasy Mini Kit (Qiagen) for cDNA synthesis using a Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epicentre Biotechnologies). Labeled cRNA was prepared by using an Amino Allyl MessageAmpII aRNA amplification kit (Ambion). The cRNA (10 g) was fragmented and then hybridized on a Phalanx Human One Array (HOA 4.3; Phalanx Biotech Group, Inc.) as described previously (9) . Each microarray contains 32,050 oligonucleotide probes that include 30,968 human gene probes for transcription expression profiling and 1,082 experimental control probes. Detailed descriptions of the gene array list are available from http://www .phalanx.com.tw/tech_support/gene_lists.html. Arrays were scanned by a DNA Microarray Scanner (Agilent Technologies), and the fluorescence intensities were extracted by GenePix Pro, version 6.0 (Molecular Devices). The raw data were preprocessed by log 2 transformation and global LOWESS normalization. The preprocessed data were then analyzed by the Limma package of R software. The significantly changed genes, as determined by one-way analysis of variance, were defined as the genes with relative changes in expression of Ͼ2-fold or Ͻ0.5-fold and adjusted P values of less than 0.05. To identify which known pathways were affected by BV transduction, the significantly changed genes were analyzed by a web-based tool, Pathway-Express (7), which is freely available as part of Onto-Tools (http://vortex.cs.wayne.edu).
Alternatively, the total RNA was reverse transcribed to cDNA using a Moloney murine leukemia virus Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epicentre Biotechnologies). The cDNA was analyzed using the a human TLR pathway-focused RT 2 Profiler PCR Array (SABiosciences) following the manufacturer's instructions.
Flow cytometry. To characterize surface marker expression, hMSCs were labeled with different antibodies. Anti-CD14-fluorescein isothiocyanate (FITC), anti-CD19-FITC, and anti-CD105-FITC were purchased from Miltenyi Biotec (MACS); anti-CD29-phycoerythrin (PE), anti-CD73-PE, anti-CD44-FITC, anti-CD90-FITC, anti-human leukocyte antigen class I (HLA-I)-PE, and anti-HLA-II-PE were purchased from BD Biosciences; anti-CD45-FITC and anti-CD34-PE were purchased from Chemicon. After being labeled, hMSCs were detached and analyzed with a flow cytometer (FACSCalibur; BD Biosciences). To characterize TLR expression, transduced and mock-transduced cells were fixed and permeabilized with 4% formaldehyde and 0.5% Tween-20. After a washing step, the cells were incubated with different primary antibodies (1:150 dilution) for 1 h at 4°C in the dark. Mouse immunoglobulin G (IgG) primary antibodies were purchased from Abcam and were specific for human TLR2 (ab9100), TLR3 (ab12085), TLR4 (ab30667), and TLR9 (ab17236). After a washing step, the cells were incubated with Alexa Fluor 488-conjugated, goat anti-mouse IgG (Invitrogen) for 1 h at 4°C in the dark. After a washing step, the cells were collected for flow cytometry analyses. As controls, the cells were incubated for 30 min with 500 l of NaHCO 3 -deficient ␣-MEM containing 10 g/ml poly(I:C) (Sigma), 10 ng/ml lipopolysaccharide (Sigma), or 1 M CpG oligonucleotide (ODN 2216 and ODN 2006; Invitrogen) and then analyzed for TLR expression in a similar fashion.
Cytokine measurement. Conditioned medium from the hMSC cultures was analyzed using a fluorescence bead immunoassay (Bender MedSystems) that detects 11 cytokines simultaneously. IL-6 and IL-8 were also measured using Module Sets of enzyme-linked immunosorbent assays (ELISAs) (Bender Medsystems).
Immunofluorescence labeling/confocal microscopy. The cells were fixed and permeabilized as described above, followed by extensive washing and primary antibody staining (1:150 dilution) for 1 h at 4°C in the dark. The primary antibodies were specific for human TLR3, IRF-3 (ab50772; Abcam), or phosphorylated NF-B (3033; Cell Signaling Technology). After a washing step, the cells were incubated with the goat anti-mouse (for TLR3 and IRF-3) or goat anti-rabbit (for pNF-B) antibody conjugated with Alexa Fluor 488 (Invitrogen) for 1 h at 4°C in the dark. After a washing step, the cells were stained with 4,6-diamidino-2-phenylindole (DAPI; Vector Labs) and visualized with a confocal microscope (Nikon TE2000 equipped with the confocal upgrade laser kit).
Western blotting. The cytoplasmic and nuclear proteins were separately extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce) supplemented with the Halt protease and phosphatase inhibitor cocktails (Pierce), followed by Western blotting. The primary antibodies (1:1,000 dilution) were specific for TRIF (4596; Cell Signaling Technology), phosphorylated IRF-3 (4947; Cell Signaling Technology), and phosphorylated NF-B or ␤-actin (A-2066; Sigma). The secondary antibody was species-specific horseradish peroxidase-conjugated IgG (1:5,000 dilution; Amersham Biosciences). The images were developed using an enhanced chemiluminescence kit (Amersham Biosciences).
siRNA knockdown of TLR3. To knock down TLR3, hMSCs were nucleofected with 5 g of a control small interfering RNA (siRNA) plasmid (InvivoGen) or a plasmid expressing the TLR3 siRNA (psiTLR3; InvivoGen) using a Human MSC Nucleofector Kit (Amaxa Biosystems). At 48 h posttransfection, hMSCs were transduced with BV or treated with poly(I:C) as described above. The spent medium was collected at 24 h posttransduction (hpt) for ELISA, and the cells were trypsinized for migration assays.
Transwell migration assay. The trypsinized hMSCs (5 ϫ 10 4 ) were loaded onto the upper chamber of the transwell inserts with 8-m-pore-size membrane filters (BD Biosciences), while 500 l of ␣-MEM was loaded in the bottom chamber. After 4 h of incubation, the upper sides of the filters were carefully washed, and nonmigrated cells were removed with a cotton-tipped applicator. The cells migrating to the lower sides were labeled with DAPI-containing mounting medium and counted under a fluorescence microscope. At least 10 fields (magnification, ϫ200) in two filters were counted for each sample, and the data are expressed as the average number of migrated cells/field.
Statistical analysis. All data represent the mean Ϯ standard deviation or mean values of at least three independent culture experiments. The data were statistically analyzed by one-way analysis of variance. A P value of Ͻ0.05 was considered significant.
Microarray data accession number. Array data sets were deposited in the NCBI Gene Omnibus Express database under the accession number GSE15810.
RESULTS
Expression of hMSC surface markers. To examine whether BV transduction altered surface characteristics, hMSCs were mock transduced or transduced with a BV carrying no mammalian gene cassette at an MOI of 100, followed by immuno- In agreement with the surface marker profiles in normal hMSCs (18, 31) , the mock-transduced hMSCs expressed CD29, CD44, CD73, CD90, CD105, and HLA-I but were negative for CD14, CD19, CD34, CD45, and HLA-II (Fig. 1) . BV transduction did not apparently alter the surface expression profile, except that CD73 expression was slightly diminished while HLA-I expression was elevated. BV transduction-upregulated genes associated with the TLR signaling pathway. To explore the global responses of hMSCs to BV transduction, hMSCs were treated as described in the legend of Fig. 1 and subjected to microarray analysis at 24 hpt. Of the 30,968 human genes on the microarray, we identified 548 upregulated (Ͼ2-fold) and 268 downregulated (Ͻ0.5-fold) known genes after BV transduction compared with the mock transduction control (see Tables S1 and S2 in the supplemental material). Pathway analysis using the Pathway-Express tool demonstrated five signaling pathways that were profoundly disturbed: cell adhesion molecules, TLR, Jak-STAT, apoptosis, and antigen processing and presentation (see Tables S3 to  S8 in the supplemental material). Since the activation of the TLR pathway is essential for initiating innate immunity and can trigger the other four pathways, we focused on the TLR pathway in subsequent experiments and analyses.
The microarray data revealed significant upregulation of TLR1, TLR2, and TLR3 but not of other TLR genes (Table 1) . Certain genes encoding the TLR signaling molecules (e.g., MyD88 and IRAK2), downstream cytokines (e.g., IL-6 and IL-8), and other genes downstream of the TLR3 pathway (e.g., RSAD2, INDO, and PTGS2) were also significantly upregulated. To confirm the data, transcription was also quantified by using the RT 2 Profiler PCR Array, which detects 84 genes involved in the TLR pathway (including TLR1 to TLR10). In accord with the microarray data, the PCR array revealed the upregulation of such genes as TLR3, MyD88, IRAK2, IL-6, IL-8, and PTGS2 (Table 1 ). In contrast, the PCR array detected upregulation of neither TLR1 nor TLR2 but revealed the upregulation of other genes involved in the TLR pathway (e.g., NFKBIA, TRIF, and TRAF6). The discrepancy between the microarray and PCR array data sets probably arose from the relatively weak stimulation of these genes by BV transduction.
BV transduction of hMSCs triggered IL-6 and IL-8 production. To screen the BV-induced cytokines at the protein level, the conditioned medium collected at 24 hpt was analyzed by a multiplex cytokine array which simultaneously detects 11 cytokines ( Fig. 2A and B) . Compared with the mock transduction control, BV transduction did not significantly (P Ͼ 0.05) elicit (Fig. 2C and D) . To confirm the result and examine the kinetics, the protein concentrations were measured again by ELISA at 24, 48, and 96 hpt. The results shown in Fig. 2E and F demonstrate that the expression of both IL-6 and IL-8 peaked at 24 hpt and fell to background levels at 96 hpt, indicating a transient cytokine response. It is also noteworthy that BV transduction did not provoke the secretion of antiviral IFN-␣ (5) and IFN-␤ (see Table S9 in the supplemental material). Whether cytokine induction required infectious BV was explored by inactivating the BV with UV prior to transduction. The ELISA data ( Fig. 3A and B) showed that UV inactivation significantly (P Ͻ 0.05) abolished the BV-induced IL-6 and IL-8 secretion, indicating the essential role of the live virus. Since IL-6 and IL-8 can be elicited by dsRNA as a result of TLR3 activation (18, 31) , the virus solutions were treated with RNase or TNM-FH medium prior to transduction. The results shown in Fig. 3C and D show that RNase treatment retarded secretion of neither IL-6 nor IL-8 after BV transduction, thus ruling out a role for RNA. These data collectively confirmed that BV itself provoked the cytokine response.
BV transduction of hMSCs triggered the TLR3 pathway.
To examine the induction of TLR3 and other TLRs at the protein level, hMSCs were transduced with BV or treated with different TLR agonists and were subjected to immunofluorescence labeling/flow cytometry analyses (Fig. 4A) . Compared with the mock transduction control, BV transduction led to the emergence of a peak when cells were labeled with the TLR3 antibody. Such a peak shift was due to receptor activation, internalization, and degradation (31) and was similarly observed for the sample treated with the TLR3 ligand, poly(I:C). However, BV transduction did not apparently provoke TLR2, TLR4, or TLR9.
TLR3 activation was further visualized by confocal microscopy (Fig. 4B) . TLR3 expression was diffuse in the cytoplasm of the untreated hMSCs but was more focused along the edge of the BV-transduced cells, which was likewise observed in the poly(I:C)-treated hMSCs (Fig. 4B ) (31) . The results shown in Fig. 4 , in conjunction with the microarray and PCR array data, concretely attested to TLR3 activation by BV transduction.
In immune cells, TLR3 activation induces TRIF expression and results in the nuclear translocation of phosphorylated IRF-3 and NF-B (16). Western blot analyses of hMSCs (Fig.  5A ) demonstrated that both BV transduction and poly(I:C) treatment stimulated a gradual increase in TRIF expression for 4 h and accumulation of phosphorylated IRF-3 and NF-B in the nucleus. The nuclear trafficking of IRF-3 and NF-B was further confirmed by confocal microscopy (Fig. 5B) , which illustrated the absence of IRF-3 and NF-B in the nuclei of untreated hMSCs and the presence of IRF-3 and NF-B in the nuclei after BV transduction and poly(I:C) treatment.
TLR3 knockdown diminished BV-induced cytokine secretion and promoted migration. To correlate TLR3 activation and cytokine secretion, cells were nucleofected with a plasmid expressing the control siRNA or psiTLR3. After 48 h of culture, the cells were mock transduced, transduced, or treated with poly(I:C). As depicted in Fig. 6A and B, psiTLR3 treatment of hMSCs considerably abrogated poly(I:C)-induced IL-6 and IL-8 secretion, confirming the TLR3 knockdown by psiTLR3. Accordingly, TLR3 silencing by psiTLR3 treatment significantly (P Ͻ 0.05) attenuated BV-induced IL-6 and IL-8 secretion.
Additionally, we examined the effect of TLR3 knockdown on BV-induced migration by the transwell migration assay. The results shown in Fig. 6C indicate that the migration of cells treated with the control siRNA was remarkably impeded by both poly(I:C) treatment and BV transduction, but psiTLR3 treatment significantly (P Ͻ 0.05) ameliorated the migration of poly(I:C)-treated and BV-transduced hMSCs.
DISCUSSION
The present study primarily aimed to explore the hMSC response to BV transduction and to decipher the molecular pathway. We determined that most hMSC surface markers remained undisturbed after BV transduction (Fig. 1) , suggesting that hMSC characteristics are retained. This response contrasted markedly with the evident BV-induced upregulation of surface molecules (e.g., HLA-II) in dendritic cells (29) but was in line with the negligible perturbation of hMSC marker ex- pression (e.g., CD34 and CD105) after poly(I:C) treatment (18) . BV transduction only slightly upregulated HLA-I, which is desirable since HLA-I is responsible for presenting endogenously synthesized proteins to CD8 ϩ T cells. BV transduction also marginally downregulated CD73, but the physiological significance of this is unknown.
We identified 816 known genes that were significantly perturbed by BV transduction. Among all TLR genes, TLR3 expression showed the most pronounced upregulation. Concurrent with the TLR3 pathway (see introduction), BV transduction upregulated not only TLR3 but its downstream genes such as TRIF, TRAF6, NFKB1A (encoding IB), IL-6, IL-8, IL12A, CCL2, CCL5, and CXCL2 (Table 1; see also  Tables S1 and S2 in the supplemental material). At the protein level, BV elicited transient IL-6 and IL-8 production in a dose-dependent manner ( Fig. 2 and 3 ), which concurred with the activation of TLR3 (Fig. 4) and its signaling molecules like TRIF, IRF-3, and NF-B (Fig. 5) . Critically, silencing TLR3 expression considerably abolished BV-induced cytokine secretion and augmented hMSC migration (Fig. 6) . These data collectively confirmed the activation of the TLR3 signaling pathway by BV.
However, BV transduction provoked no secretion of IL-1␤, IFN-␥, IL-12, and TNF-␣ (Fig. 2A) . These proteins were highly expressed by BV-transduced dendritic cells (1) but were not robustly secreted by the poly(I:C)-treated hMSCs (18, 31) . Nor did we detect IFN-␤ secretion from 0.25 to 24 h after BV transduction or poly(I:C) treatment (see Table S9 in the supplemental material). IFN-␤ is the signature IFN induced after TLR3 activation in murine cells (2, 15) , but its expression was not reported in studies that treated hMSCs with poly(I:C) (18, 31) . In contrast, Opitz et al. recently showed that poly(I:C) treatment of hMSCs induced detectable IFN-␤ secretion and a subsequent signaling loop (24) . One key difference was the poly(I:C) dose (50 g/ml) these investigators used, which was markedly higher than amounts used in this (10 g/ml) and other studies. As such, it appears that in hMSCs TLR3 ligation could elicit IFN-␤ secretion but at a fairly low magnitude. This suggests that in hMSCs certain pathways downstream of IRF-3 might be lacking or blocked unless potently stimulated. In this study, the virus dose (MOI of 100) used is sufficient to transduce 80 to 90% of hMSCs (12) and induce ectopic bone formation in vivo when hMSCs express an osteogenic factor (4) . Given that these IFNs and cytokines are pivotal in establishing the antiviral state and immune responses, the undetectable induction of these proteins at an MOI of 100 is instrumental for the safe use of BV-transduced hMSCs for tissue regeneration. Among the cytokines investigated, we detected only IL-6 and IL-8. This is conceivable as they are constitutively expressed by hMSCs (19) and are potently stimulated after poly(I:C) treatment (Fig. 6) (18, 31) . IL-6 dictates the regulation of both inflammatory responses and hematopoiesis (26) , and its overproduction relates to the pathology of autoimmune diseases and tissue remodeling. Conversely, IL-8 is present in the inflammatory milieu during tissue repair (34) . The robust secretion of IL-6 and IL-8 thus suggests that BV transduction might impact hMSC differentiation and potentiate the inflammatory response after transplantation. To date, the consequences of TLR3 activation and IL-6/8 expression on hMSCs remain elusive. It was reported that TLR3 activation in hMSCs promotes migration (31) and hampers immunosuppressive properties but interferes with neither the phenotype nor the differentiation potential (18) . However, it was also shown that TLR3 activation enhances the immunosuppressive properties of hMSCs (24) . The discrepancy likely stems from the differences in experimental procedures, poly(I:C) dose, and duration of ligand treatment (24) . For example, hMSCs have been incubated with poly(I:C) for 5 days (18) or 24 h (24) prior to evaluation of the immunosuppressive properties. In our hands, BV transduction of hMSCs did not impair long-term proliferation (11), differentiation (12) , and immunosuppressive properties (5). The disparity in the immunosuppressive properties could arise from the differences in the protocols because the cells were exposed to BV for only 4 h, after which the virus was withdrawn. Also the BV-induced cytokine response was transient, precipitously dropping after 24 hpt and vanishing at 96 hpt ( Fig. 2E and F) . As a result, unlike results of previous studies that continuously stimulated hMSCs with poly(I:C), BV transduction only transiently activated the TLR3-mediated responses, which accounts for the intangible adverse effects. Our data, however, suggest that hMSCs be transplanted after cytokine responses wane in order to circumvent the disturbance of hMSC functions and elicitation of immune responses in vivo.
Our findings also raised an intriguing question: how did BV, a DNA virus, trigger the TLR3 pathway that is generally regarded as a sensor of dsRNA? Since BV genes (e.g., immediate-early gene ie1) can be expressed at low levels in mamma- lian cells (20) , the most likely explanation is that some BV genes were transcribed in hMSCs and that the RNA intermediates were recognized by TLR3. However, the underlying mechanism(s) awaits further investigation. Also intriguing is that BV DNA activated the TLR9 pathway in mouse immune cells (1), yet only TLR3 activation was detected in hMSCs. Because hMSCs express high levels of TLR3 and TLR4 but low levels of TLR1, TLR2, TLR5, and TLR6 and negligible levels of TLR7 to TLR10 (18) , the undetectable activation of TLR7 to TLR9 may be explained by the lack of viral DNAsensing (TLR9) and single-stranded RNA-sensing (TLR7) receptors.
In summary, hMSCs can be genetically engineered with various viral vectors (8) and serve as a promising cell and gene therapy vehicle, yet little is known about how hMSCs respond to viral vector transduction. This study, for the first time, systematically explored the cellular responses of hMSCs to virus transduction at the molecular level. We revealed that BV transduction of hMSCs barely perturbed surface marker expression even while altering the expression of genes implicated in several pathways. We also provided the first evidence that a DNA viral vector can activate the TLR3 pathway in hMSCs, leading to a cytokine expression profile distinct from that in immune cells. Although TLR3 has been implicated in controlling the infection of two DNA viruses (vaccinia virus [10] and mouse cytomegalovirus [30] ), there was no direct evidence confirming the induction of the TLR3 pathway by a DNA virus until the recent discovery that Kaposi's sarcoma-associated herpesvirus triggers the TLR3 pathway in human monocytes (35) . Since DNA vectors including adenovirus, herpes simplex virus, and adeno-associated virus have been employed for genetically modifying hMSCs, our findings underscore the importance of evaluating whether these vectors also provoke the TLR3 signaling cascade and downstream immune responses. Our data also indicate that BV transduction elicits only mild and transient responses, thereby easing the safety concerns of using BV for hMSC engineering.
